Summary Ecophysiological models predicting timing of bud burst were tested with data gathered from 40-year-old Norway spruce (Picea abies (L.) Karst.) trees growing in northern Sweden in whole-tree chambers under climatic conditions predicted to prevail in 2100. Norway spruce trees, with heights between 5 and 7 m, were enclosed in individual chambers that provided a factorial combination of ambient (365 µmol mol -1 ) or elevated (700 µmol mol -1 ) atmospheric CO 2 concentration, [CO 2 ], and ambient or elevated air temperature. Temperature elevation above ambient ranged from +2.8°C in summer to +5.6°C in winter. Compared with control trees, elevated air temperature hastened bud burst by 2 to 3 weeks, whereas elevated [CO 2 ] had no effect on the timing of bud burst. A simple model based on the assumption that bud rest completion takes place on a fixed calendar day predicted timing of bud burst more accurately than two more complicated models in which bud rest completion is caused by accumulated chilling. Together with some recent studies, the results suggest that, in adult trees, some additional environmental cues besides chilling are required for bud rest completion. Although it appears that these additional factors will protect trees under predicted climatic warming conditions, increased risk of frost damage associated with earlier bud burst cannot be ruled out. Inconsistent and partially anomalous results obtained in the model fitting show that, in addition to phenological data gathered under field conditions, more specific data from growth chamber and greenhouse experiments are needed for further development and testing of the models.
Introduction
Air temperature is a major environmental factor affecting timing of bud burst in temperate and boreal trees. After growth cessation and bud set in the autumn, the buds enter a state of rest (Sarvas 1974 , Fuchigami et al. 1982 , Cannell and Smith 1983 , Hannerz et al. 2003 . During rest, growth is arrested by physiological factors inside the buds which prevent bud burst no matter how favorable the prevailing environmental conditions. The current view is that rest break, i.e., removal of these growth-arresting physiological conditions, is caused by prolonged exposure to low temperatures, with temperatures slightly above zero being most effective-chilling requirement of rest completion (e.g., Coville 1920 , Nienstaedt 1966 , 1967 , Worrall and Mergen 1967 , Hänninen 1990a , Myking and Heide 1995 . After rest completion, exposure to high temperatures drives ontogenetic development toward bud burst, and the rate of ontogenetic development increases with increasing air temperature, i.e., the time required for bud burst decreases with increasing temperature-high temperature requirement of bud burst (e.g., Sarvas 1972 , Fuchigami et al. 1982 , Cannell and Smith 1983 , Hänninen 1990a ).
Several models have been developed to simulate the effects of air temperature on timing of bud burst in temperate and boreal trees (see reviews by Hänninen 1990a , Hunter and Lechowicz 1992 , Kramer 1994a , 1994b , Chuine et al. 1998 , 1999 , 2003 , Häkkinen 1999a , Chuine 2000 , Linkosalo 2000a ). In the models, ontogenetic development toward bud burst is simulated by accumulating arbitrary high temperature units (e.g., degree days, forcing units). With this approach, the daily accumulation rate of high temperature units, (HU), represents the rate of ontogenetic development and the accumulated sum of HU represents the state of ontogenetic development. Bud burst is predicted to occur when the accumulated HU attains a genotype-specific critical value. In the simplest models, the accumulation of HU is initiated each year on a fixed calendar day. In more comprehensive models, the effects of chilling on rest break are explicitly addressed by accumulating arbitrary chilling units, (CU), from a fixed day in the autumn. Analogous to the accumulation of HU for ontogenetic development, the daily accumulation rate of CU represents the rate of rest break and the accumulated sum of CU represents the state of rest break. Rest completion is predicted to occur when the accumulated CU attains a genotype-specific critical value. Depending on the model, accumulation of HU for ontogenetic development is initiated either at the time of rest completion (Sarvas 1972 , Richardson et al. 1974 ), or at a reduced rate before that time (Landsberg 1974 , Campbell 1978 . Detailed discussions of the differences among the models have been presented (e.g., Hänninen 1990a , Kramer 1994a , 1994b , Chuine et al. 1998 , 1999 , 2003 .
For development and testing of the models, three major approaches have been applied. In the phenological approach, air temperature and bud burst data gathered in natural conditions are used. The temperature response of rate of rest break and rate of ontogenetic development are determined indirectly by fitting all of the relevant sub-models to the field observations (Kramer 1994a , 1994b , Chuine et al. 1998 , 1999 , Chuine 2000 . In the ecophysiological approach, specific growth chamber and greenhouse experiments are carried out to develop and test directly, e.g., the air temperature response of rate of rest break (Sarvas 1974, Erez and Couvillon 1987) , air temperature response of ontogenetic development (Sarvas 1972 (Sarvas , 1974 ; or the relationship of these two processes (Hän-ninen 1987 (Hän-ninen , 1990a (Hän-ninen , 1995 . In the intermediate approach, field data are used in a similar manner as in the phenological approach, but some of the sub-models are fixed on the basis of results from previous ecophysiological studies (Sarvas 1972 , Häkkinen et al. 1998 , Häkkinen 1999b , Linkosalo 2000b , Linkosalo et al. 2000 .
Models of bud burst are useful tools for assessing the probable effects of predicted climatic warming on the timing of bud burst (Cannell 1985 , Cannell and Smith 1986 , Murray et al. 1989 , 1994 , Hänninen 1990b , 1991 , Kramer 1994b , Linkosalo et al. 2000 . Using models of bud burst Murray et al. (1989) found that, depending on the local climate and the chilling requirements of trees growing in maritime and temperate conditions of Scotland, climatic warming may either hasten or delay bud burst, or cause no change in the timing. Delay of bud burst in response to climatic warming was predicted for species with a high chilling requirement growing at relatively mild lowland sites. In this case, decreased accumulation of CU overrode the increased accumulation rate of HU. In the case of species with a low chilling requirement, growing in relatively cold upland sites, the increased accumulation of HU dominated and bud burst of these species was predicted to be hastened by climatic warming. Unlike these varying patterns found in Scotland, in boreal regions there will be sufficient chilling even under conditions of climatic warming, and it has been both predicted (Hänninen 1990a , 1991 , Linkosalo et al. 2000 and demonstrated under experimental conditions (Hänninen 1995) that climatic warming will hasten bud burst of boreal trees.
The aim of our study was to test models of bud burst with Norway spruce (Picea abies (L.) Karst.) trees growing in northern Sweden either under natural conditions or in wholetree chambers (WTCs) where air temperature or [CO 2 ], or both, was elevated to correspond to climatic scenarios predicted for 2100.
Material and methods

Site
The study was performed in a long-term nutrient experiment at Flakaliden (64°07' N, 19°27' E, 310 m a.s.l.) in northern Sweden that was established in 1986 in a Norway spruce stand planted in 1963. Initial stand density was about 2500 trees ha -1 . Mean annual temperature at Flakaliden is 2.3°C and the monthly mean temperature varies from -7.3°C in February to 14.6°C in July (mean for the period [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] . The length of the growing season, i.e., the period with a daily mean air temperature above +5°C, is about 140 days, with a mean air temperature of 11.3°C. Mean annual rainfall is 600 mm with about one-third falling as snow, which usually covers the frozen ground from mid-October to early May. For further details about treatments and stand properties see Linder (1995) and .
Field experiment
In June 2001, 12 whole-tree chambers (WTCs) were installed in an untreated control plot to examine the long-term responses of field-grown Norway spruce trees to a factorial combination of ambient and elevated air temperature and ambient and elevated atmospheric [CO 2 ]. The WTCs were installed around individual trees, and grouped in three blocks. In addition to the 12 trees growing in WTCs, three trees growing adjacent to the WTCs, were used as non-chambered controls for the experiment. The [CO 2 ] and temperature treatments were randomly assigned within each block. Ambient and elevated CO 2 concentrations inside the chambers were maintained at 365 and 700 µmol mol -1 , respectively. In WTCs with elevated temperature, the monthly temperature elevation above ambient was based on data from the Rossby Centre SWECLIM Modelling Programme, (cf. Christensen et al. 2001 for the latitude of Flakaliden and a [CO 2 ] of 700 µmol mol -1 . Temperature elevation above ambient ranged from 2.8°C in July to 5.6°C in December. For technical details about the WTCs and experimental design, see Wallin et al. (2001) and Medhurst et al. (2006) .
For each of the 15 experimental trees, date of bud burst was determined during the spring of 2002, 2003 and 2004 by following bud development from March to the date of bud burst. Thereafter, bud and shoot development was followed, two to three times a week, until cessation of shoot growth (see Slaney et al. 2007) . In this way, 45 individual series (3 years × 15 trees) of observations were obtained for testing the models. For details of the collection of phenological data see Slaney (2006) .
Models and calculations
Rest completion was simulated with three models. First, in the Fixed Day Model it was assumed that, in all 45 cases (15 experimental trees and three years), rest was completed on a given fixed calendar day (Häkkinen et al. 1998 , Linkosalo 2000b . With a step of five days, the fixed calendar day varied in the calculations from January 1 to May 5. The latest calen-dar day was determined such that it was before, but close to, the day of earliest observed bud burst.
Second, rest completion was simulated by the Sarvas Chilling Model (Sarvas 1974, Figure 1 ). Based on the reformulation presented by Kramer (1994b) , the CUs were accumulated from September 1 (Hänninen 1990a (Hänninen , 1990b (Hänninen , 1991 until the day when a predetermined chilling requirement was attained as:
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where t is time, R CU (t) is daily accumulation rate of chilling units (CU 1 day -1 , CU 1 is chilling unit corresponding to the model of Equation 1), and T 1 , T 2 , and T 3 are threshold temperatures having values of -3.4, 3.5, and 10.4°C, respectively (Figure 1 ). With a step of 5 CU 1 , the chilling requirement varied in the calculations between 5 and 45 CU 1 . The maximum chilling requirement of 45 CU 1 was determined according to the theoretical maximum, i.e., the maximum 45 CU 1 units is smaller than, but close to, the minimum accumulation of CU 1 units over the experimental trees and years, between September 1 and the observed date of bud burst.
Third, rest completion was simulated by the Landsberg Chilling Model (Landsberg 1974 , Figure 1 ). Based on a reformulation developed in our study, chilling units were accumulated from September 1 (Hänninen 1990a (Hänninen , 1990b (Hänninen , 1991 until the day when a predetermined chilling requirement was attained as:
where t is time, R CU (t) is daily accumulation rate of chilling units (CU 2 day -1 , CU 2 is the chilling unit corresponding to the model of Equation 2), and T 4 is a threshold temperature of 5°C (Figure 1 ). With a step of 10 CU 2 , the chilling requirement varied in the calculations between 10 and 100 CU 2 . Similar to the Sarvas Chilling Model, the maximum chilling requirement of 100 CU 2 was determined in such a way that it was smaller than, but close to, the theoretical maximum. Sarvas (1972) presented comprehensive and explicit experimental data indicating that up to a scaling constant (i.e., the high temperature requirement of flowering) the air temperature response rate of ontogenetic development is identical for flower buds of several boreal forest trees, both coniferous and broad-leaved ( Figure 2 ). This sigmoidal response has also been used for vegetative buds (Hänninen 1990a , Kramer 1994a ,1994b , Häkkinen et al. 1998 , Linkosalo 2000b ), and we used it in our study as reformulated by Hänninen (1990a) and Kramer (1994b) :
where t is time, HU is high temperature unit corresponding to the model of Equation 3 Sarvas 1972 , Hänninen 1990a , 1995a , Kramer 1994b ).
curve (°C -1 ), and c is the temperature corresponding to the inflexion point of the curve (°C). Starting on the day after predicted rest completion, ontogenetic development was simulated by accumulating HU according to Equation 3, until a predetermined high temperature requirement of growth onset, HU crit , was attained. To facilitate comparisons of the various responses, the following scaling was carried out (Hänninen 1995, Hänninen and Hari 1996) :
where R o (t) is relative rate of ontogenetic development (% day -1 ). With the scaling of Equation 4, the rate and state of ontogenetic development can be compared among trees having different high temperature requirements for growth onset, HU crit . Regardless of the value of HU crit , the value of R o (t) indicates the percentage of the cumulative developmental phenomena toward bud burst taking place during one day at the examined air temperature (Figure 2) . Accordingly, the accumulated sum of the daily values of R o (t), i.e., the relative state of ontogenetic development, S o (t), indicates the corresponding cumulative percentage of the development having occurred up to the examined day. By definition, bud burst is predicted to occur when S o (t) = 100.
We calculated the rest completion in 45 ways: 26 calendar days for the Fixed Day Model, nine chilling requirements for the Sarvas Chilling Model and ten chilling requirements for the Landsberg Chilling Model. For each of these 45 cases, ontogenetic development was simulated in two ways. First, by using the original curve of Sarvas (1972) Hänninen 1990a Hänninen , 1990b , hereafter referred to as the original response. Second, by determining the values of parameters b and c by fitting the model to the data. This method is hereafter referred to as the optimization method and the resulting response as the optimized response. In all cases, the high temperature requirement, HU crit , was determined as the arithmetic mean of the 45 empirical values calculated from the day after predicted rest completion to the day of observed bud burst (Häkkinen et al. 1998) . Thus in the model fitting, the value of one parameter (HU crit ; original response) or the values of three parameters (b, c, HU crit ; optimized response) were estimated by minimizing the root mean square error (RMSE) between the observed and calculated timing of bud burst. Data pooled over all treatments, years, and experimental trees were used in model fitting. All calculations were carried out with a time step of one day, i.e., mean daily temperature was used as input for the models.
Results
Observed and modeled timing of bud burst
Elevated air temperature hastened bud burst on average by 14-16 days, whereas elevated [CO 2 ] had no significant effect (Slaney et al. 2007 With the Fixed Day Model, RMSE decreased when the fixed day of assumed rest completion was delayed from the beginning of the year to mid-March-early April. With further delay the RMSE increased, especially with the original response (Figure 3a) . This pattern suggests that meteorologically available high temperature units are not physiologically effective until quite late in the spring, i.e., rest completion does not take place until spring. With the two chilling models, the highest chilling requirements were determined based on the corresponding theoretical maxima (theoretical maximum = 45 CU 1 with the Sarvas Chilling Model (Figure 3b ) and 100 CU 2 with the Landsberg Chilling Model (Figure 3c) ). Based on these theoretical maximum chilling requirements, simulated rest completion took place on average in late December with the Landsberg Chilling Model and in mid-January with the Sarvas Chilling Model (results not shown). Thus, with these chilling 294 HÄNNINEN, SLANEY AND LINDER TREE PHYSIOLOGY VOLUME 27, 2007 models the meteorological availability of CU did not allow rest completion to be postponed until spring, which is when rest completion actually occurred in the mature field-grown trees.
As expected, the optimized air temperature response produced a lower RMSE than the original air temperature response (Table 1; Figure 3 ). With the Fixed Day Model the difference was, however, quite small, generally less than one day (Table 1, Figure 3a) .
Among the different treatments, the models generally had lowest RMSEs for the control trees growing outside the chambers (Table 1) . Furthermore, the models tended to have lower RMSE values for the ambient treatments than for the corresponding elevated temperature treatments. There were also some differences in RMSE values among years (Table 1) . However, because of the limited data set, no further conclusions on the relative accuracies of the different models can be drawn on the basis of the differences among treatments or years.
Estimating model parameters by the optimization method
When using the optimization method with the Fixed Day Model, RMSE increased only slightly when the fixed day of assumed rest completion was delayed from Day of Year (DOY) 80 (March 21) to DOY 100 (April 10) (Figure 3a ). For these two days, however, the optimization method produced TREE PHYSIOLOGY ONLINE at http://heronpublishing.com BUD BREAK AND CLIMATE CHANGE 295 greatly different air temperature responses for the rate of ontogenetic development (Figure 4a ). The reason for this discrepancy is illustrated in Figures 5a and 5b for one experimental tree growing in elevated air temperature in 2001-2002. Because there was less time until observed bud burst when assumed rest completion was set to occur on DOY 100 rather than on DOY 80, to avoid great error in model prediction, the simulated rate of development needed to be higher with the later day of rest completion than with the earlier day of rest completion ( Figure 5b ). Thus at temperatures above 10°C, which were usual after DOY 100 (Figure 5a ), the estimated rate of development was considerably higher with the curve optimized for DOY 100 than with the curve optimized for DOY 80 (Figure 4a ). The reason for the reversed order in the rates below 10 o C is unclear. In some cases the two curves, optimized for early and late dates of rest completion, had similar values at temperatures below 10°C (results not shown). Whatever the reasons for this discrepancy (Figure 4a ), its existence meant we were unable to estimate a correct air temperature response with the optimization method.
When using the optimization method with the Sarvas Chilling Model, similar RMSEs were obtained regardless of the assumed chilling requirement (Figure 3b ). With the exception of the smallest chilling requirement, this was also the case with the Landsberg Chilling Model (Figure 3c ). Contrary to the case with the Fixed Day Model (Figure 4a) , however, the optimization method generally produced consistent air temperature responses for the rate of ontogenetic development (Figure 4b) Figure 5c ) and with 40 CU 1 on December 11 (Figure 5d ). After these dates, temperatures between 5 and 10°C were common in the elevated temperature treatment during winter, especially in January 2002 (Figure 5a) . If the trees responded to air temperature in these cases according to the response estimated for the Fixed Day Model with DOY 80 (Figure 4a ), then ontogenetic development would have taken place almost continuously during winter, leading to premature early predicted bud burst on March 29 (chilling requirement 20 CU 1 , Figure 5c ) or on April 17 (chilling requirement 40 CU 1 , Figure 5d ). In the field-grown trees, this kind of wintertime ontogenetic development did not take place, as also suggested by the results obtained with the Fixed Day Model (Figure 3a) . Ontogenetic development during mild periods in winter would have led to a simultaneous dehardening and thus heavy damage during subsequent periods of frost (Figure 5a ). Because the limited availability of CU did not allow rest completion to be postponed until spring, the only way to prevent unrealistic simulated ontogenetic development occurring during winter was to estimate the air temperature response such that ontogenetic development took place only slowly or not at all at temperatures below 6-7°C (Figure 4b ). These estimated responses did not predict drastically premature timing of bud burst (Figures 5c and 5d) , although their overall accuracy (Figures 3b and 3c ) was inferior to that of the Fixed Day Model (Figure 3a) .
Discussion
Different approaches for model development and testing
Three approaches (ecophysiological, intermediate and phenological) to developing and testing models of bud burst phenology have been described in the literature. The experimental determination of the original sigmoidal air temperature response (Figure 2) represents the ecophysiologial approach (Sarvas 1972) . Later this curve was adopted in several studies where models were tested on the basis of long-term phenological records of both vegetative buds and flower buds (Häkkinen et al. 1998 , Häkkinen 1999b , Linkosalo 2000b , Linkosalo et al. 2000 ; these studies are examples of the intermediate approach. In studies applying the phenological approach, the values of all model parameters, including parameters b and c of Equation 3 and the parameters of Equation 1 used for chilling accumulation, were determined by fitting the overall model to field observations (Kramer 1994a , 1994b , Chuine et al. 1998 , 1999 , Chuine 2000 .
We applied both the phenological approach and the intermediate approach, as represented by the optimized and original curves for the air temperature response of relative rate of ontogenetic development, (R o ; Figures 3 and 4) . By means of the phenological approach we attempted to estimate R o indirectly by fitting the model to field data of air temperature and bud burst. With the Fixed Day Model, inconsistent results were obtained for R o (Figure 4a ). In the case of the two chilling models, relatively consistent curves were obtained (Figure 4b) ; however, compared with experimental studies in which the response in flower buds was directly monitored (Figure 2; Sarvas 1972) , the responses estimated in our vegetative buds appear to have an unrealistically high air temperature threshold for ontogenetic development (Figure 4b ). It is possible that the high threshold is an artefact caused by an unrealistic model of rest completion (see Results). However, because the experiments of Sarvas (1972) were carried out with flower buds, this concept has to be checked experimentally with vegetative buds.
Our data consisted of only three annual cycles, which is sparse compared with recent studies where historical data sets of decades have been used for fitting models of bud burst (Kramer 1994a , 1994b , Chuine et al. 1998 , 1999 , Chuine 2000 . It seems unlikely, however, that a shortage of data was the main reason for the difficulties we encountered in estimating the parameters of the air temperature response of ontogenetic development. Furthermore, Kramer (1994b) found anomalous results with the phenological approach when using long-term data for model fitting.
The reason for methodological difficulty of the phenological approach is that simulation models, which describe physiological processes lasting several months, are tested only at the end point of the processes, i.e., vegetative bud burst or flowering. For this reason quite different models may have equal predictive powers (Figures 3a and 4a ; Hänninen 1995 , Häkkinen 1999a , Linkosalo et al. 2000 . It is obvious that the phenological approach (Kramer 1994a , 1994b , Chuine et al. 1998 , 1999 , Chuine 2000 needs to be augmented by the ecophysiological approach where specific controlled experiments are carried out directly for a given sub-model, e.g., the air temperature response of rate of rest break (Figure 1 ; Sarvas 1974, Erez and Couvillon 1987) , the air temperature response of ontogenetic development (Figure 2 ; Sarvas 1972) , and the relationship between these two processes (Hänninen 1987 (Hänninen , 1990a (Hänninen , 1995 . Ecophysiological studies also facilitate the intermediate approach where field data are used in a similar manner as in the phenological approach, but some of the sub-models are fixed on the basis of results from previous ecophysiological studies (Sarvas 1972 , Häkkinen et al. 1998 , Häkkinen 1999b , Linkosalo 2000b , Linkosalo et al. 2000 . In the intermediate approach, the main difficulty is assessing the robustness of responses determined under controlled conditions, often with tree species different from those used for model development and testing (Hänninen 1995 , Linkosalo 2000b .
Unlike earlier studies based on the phenological approach (Kramer 1994a , 1994b , Chuine et al. 1998 , 1999 , Chuine 2000 , we obtained experimental data from trees exposed to elevated temperature and CO 2 concentration in WTCs. This increased the temperature variation thereby facilitating model testing. As shown by Hänninen (1995) , Repo et al. (1996) , and , it is crucial for model testing to include in the experiments temperature treatments that correspond to the climatic change scenarios. It has been shown that models that quite accurately predicted timing of growth onset (Hänninen 1995) , or frost hardiness of Scots pine (Pinus sylvestris L.) under present climatic conditions, failed completely in their prediction when tested with data gathered in WTCs that provided scenario conditions of elevated temperature. Häkkinen (1999b) pointed out that no standard statistical tests can be applied to phenological models of bud burst, because the sampling distributions of their parameters and their mean square errors are unknown. Thus when applying the intermediate approach to modeling bud burst phenology of Betula, Häkkinen (1999b) applied re-sampling techniques for statistical evaluation of the models. In the present study this was not possible because data were available for only three annual cycles. For these reasons, no statistical tests could be made.
Rest completion
The current view is that long-term exposure to chilling temperatures causes rest completion in boreal and temperate trees (cf. Coville 1920 , Perry 1971 , Sarvas 1972 , Fuchigami et al. 1982 ). According to most experimental studies, carried out mainly with seedlings, the chilling requirement of rest completion is met in late autumn (e.g., Hänninen 1990a, Leinonen 1996 , Hannerz et al. 2003 . Recently, however, increasing evidence has been accumulated for the contradictory view that, in natural stands of mature trees, rest completion takes place much later, i.e., in early spring (Häkkinen et al. 1998 , Häkkinen 1999a , 1999b , Hannerz 1999 , Linkosalo 2000a , 2000b , Linkosalo et al. 2000 . Furthermore, it has also been suggested that besides chilling, additional environmental cues might be required for rest completion (Nizinski and Saugier 1988 , Häkkinen et al. 1998 , Partanen et al. 1998 , Linkosalo 2000a , 2000b , Linkosalo et al. 2000 .
Our findings support this more recent concept. Although we were unable to identify a single exact model for the environmental regulation of timing of bud burst in Norway spruce, our data provide evidence that rest completion in Norway spruce trees growing in northern Sweden takes place somewhere near the spring equinox (Figure 3a) . Furthermore, our simulations show that the two chilling models applied (Figure 1 ) cannot account for this apparently delayed rest completion because the suggested theoretical maxima of the accumulated chilling units were insufficient to postpone the rest completion until spring equinox.
In addition to rest completion taking place in spring, low soil temperatures and ground frost may prevent the ontogenetic development of boreal and temperate trees during mild spells in winter and early spring. The evidence for this is contradictory (Huikari and Paarlahti 1967, Emmingham 1977) . This explanation does not appear to be valid at our study site, however, because a soil warming experiment at the same site had no effect on the date of bud burst .
Effects of climatic change
According to the hypothesis presented by Cannell (1985) , climatic warming may paradoxically increase the risk of frost damage in boreal and temperate regions, because the trees will deharden and even start to grow during intermittent mild periods in winter and get damaged during subsequent periods of frost. In a scenario study with the Sarvas Chilling Model, Hänninen (1991) found support for Cannell's (1985) hypothesis. Although rest completion was slightly delayed by climatic warming, because of a corresponding delay in chilling accumulation, this effect was more than compensated for by the increased accumulation rate of HU thereafter. Thus, according to the model prediction, in several years the trees started to grow during mild periods in January or February (Hänninen 1991) . Kellomäki et al. (1992) developed a simulation model for tree frost hardiness and frost damage that included the Sarvas Chilling Model as a sub-model. Furthermore, they included the frost damage model as a sub-model in a gap-type forest stand model. In a scenario analysis with this model, Kellomäki et al. (1995) predicted that frost damage caused by a premature dehardening would severely restrict growth of Scots pine under a climatic warming scenario in central Finland.
When these dire predictions were tested with field-grown Scots pine trees exposed to elevated temperature in WTCs, less alarming results were found (Hänninen 1995 . The trees growing at an elevated temperature hardened later and dehardened earlier than the control trees, but the difference was much smaller (i.e., about one month) than that predicted by the models in the simulation studies by Hänninen (1991) and Kellomäki et al. (1995) . The results of the WTC study with Scots pine are in good agreement with our findings for Norway spruce. In both cases, it appears that, regardless of the warming taking place during winter, boreal coniferous trees are able to retain their dormancy and frost hardiness until around the spring equinox. Furthermore, some empirical evidence shows that high temperatures during bud dormancy induction increases the chilling requirement of rest completion, or in some other way delays bud burst during spring (Heide 2003 , Junttila et al. 2003 . This suggests that boreal trees may be able to prevent premature dehardening and growth onset under climatic warming.
Experiments with WTCs are crucial for studying the effects of climatic warming on boreal coniferous trees. Without the results obtained from such studies, the catastrophic scenarios obtained in modeling studies (Hänninen 1991 , Kellomäki et al. 1995 would probably still prevail today. Despite the less alarming results obtained with real trees in the WTC experiments, the possibility of increased frost damage under climatic warming cannot be ruled out for several reasons. First, the empirical evidence is still quite limited. Second, in a recent modeling study, Hänninen et al. (2005) and Hänninen (2006) found that relatively small ecophysiological differences among tree genotypes can result in large genotypic differences in the risk of frost damage under climatic warming. In the sensitivity analysis conducted by Hänninen (2006) it was found that the form of the response of rate of ontogenetic development to elevated air temperature (Figure 2 ) is especially crucial in determining the risk of frost damage under climatic warming. This finding further emphasizes the importance of experimental studies to determine the forms of this response. The rate of ontogenetic development and the mechanism of rest completion together determine the risk of tree frost damage in boreal conditions under climatic warming. Further experimental studies on these traits should contribute to our understanding of the risk of frost damage to boreal trees under the predicted climate warming conditions.
